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A grating coupler for interfacing between single-mode fibers and photonic circuits on
silicon-on-insulator is demonstrated. It consists of columns of fully etched photonic crystal holes,
which are made in the same lithography and etching processes used for making the
silicon-on-insulator wire waveguide. The holes have a diameter of around 143 nm, and are defined
with electron-beam lithography. A peak coupling efficiency of 42% at 1550 nm and 1 dB bandwidth
of 37 nm, as well as a low back reflection, are achieved. The performance of the proposed fully
etched grating coupler is comparable to that based on the conventional shallowly etched grating,
which needs additional fabrication steps. © 2010 American Institute of Physics.
doi:10.1063/1.3304791
In recent years, silicon-on-insulator SOI has been con-
sidered as a promising platform for photonic circuits, largely
driven by its complementary metal-oxide semiconductor
CMOS compatible fabrication technology.1,2 Additionally,
the SOI structure can offer high-density integration of pho-
tonic devices, made possible by the high refractive-index
contrast between Si and the surrounding material SiO2 or
air. On the other hand, this high index contrast also makes it
more difficult to couple light between the photonic circuits
on SOI and the outside world e.g., optical fibers. One ap-
proach to solve this problem is to combine a Si inverse taper
and a medium index contrast waveguide, e.g., made of poly-
mer or silicon nitride.2–4 A coupling loss of 0.8 dB has
been demonstrated. However, in this approach, additional
fabrication processes were involved, and normally a fiber
with high numerical aperture or a lensed fiber had to be
employed to obtain the best mode matching. Another solu-
tion is the fiber grating coupling. By making diffractive grat-
ing slots on top of an SOI waveguide, light can be coupled
to a standard single-mode fiber mounted nearly vertically
above the chip.5–12 This approach also avoids cleaving of the
sample, and enables wafer-scale testing. A coupling effi-
ciency of 31% and a 1 dB bandwidth of 40 nm were reported
originally.5 However, in this design, an additional lithogra-
phy and etching step is necessary for making the shallowly
etched grating. Methods for improving the coupling effi-
ciency of such a vertical grating coupler have also been dem-
onstrated, but at the expense of further complexity of the
fabrication process.7–9
It would be of great interest if the grating can be made in
the same processing step as the SOI photonic circuits, i.e., if
the grating has the same etching depth as the SOI wire
waveguide.10–12 However, the fully etched air slots make the
index contrast of the grating very strong. As a result, a large
amount of back reflection is present.10 This back reflection is
an adverse effect. It may result in obvious Fabry–Pérot FP
fringes in a transmission spectrum, and may also affect the
performance of an on-chip active device, e.g., a laser.13 The
coupling efficiency and the bandwidth are limited as well in
this case. Very recently, some trials have been put to opti-
mize such a fully etched grating coupler. A resonant coupling
scheme has been proposed to reduce the back reflection, but
only in a narrow wavelength band.11 Thus, the coupling
bandwidth of the grating decreases significantly. A grating
coupler composed of a square-lattice nanohole array has also
been reported with a peak coupling efficiency of 34% and a
3 dB bandwidth of 40 nm.12 However, the back reflection is
still about 9% at the peak coupling wavelength. In this letter,
we introduce an SOI grating coupler utilizing fully etched
photonic crystal holes. The proposed fully etched photonic
crystal holes are engineered in such a way that a weak con-
trast grating is still maintained. A peak coupling efficiency
of 42% and a 1 dB bandwidth of 37 nm 3 dB bandwidth:
68 nm is obtained experimentally, together with a low back
reflection. The performance of the present fully etched grat-
ing coupler is comparable to what has been reported with the
shallowly etched grating coupler.5
First, a simplified two dimensional 2D model as dem-
onstrated in the inset of Fig. 1a is analyzed numerically.14
The grating here is formed by replacing part of the top Si
layer n=3.476 in an SOI structure with an artificial mate-
rial of a lower refractive index n=2.55. The thickness of
the top Si layer is 250 nm, and the buried oxide BOX layer
n=1.445 is considered to be infinitely thick. The periodic-
ity and the duty cycle of the grating are 681 nm and 50%,
respectively, and 25 grating slots are employed. Figure 1a
shows the calculated coupling curves when transverse elec-
tric TE light is incident from the SOI waveguide. The peak
coupling efficiency to a fiber mounted at 10° to the vertical
direction reaches 46% at 1550 nm, and the 1 dB bandwidth
is 40 nm. The back reflection is below 2% at the peak wave-
length. Practically, the artificial low index material can be
made with, e.g., a 2D photonic crystal membrane. Here, we
choose a triangular lattice of air holes in Si, as shown in the
inset of Fig. 2b. It is well known that if the lattice constant
a is sufficiently small, a photonic crystal can be treated as a
homogeneous material, and its effective refractive index can
be engineered by varying the filling factor. Figure 2b shows
the calculated TE band diagram and the equal frequency con-
tour of such a 2D photonic crystal when d=0.66a d: theaElectronic mail: lliu@fotonik.dtu.dk.
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diameter of the air hole. One can find that the photonic
crystal exhibits an effective refractive index of 2.55 for
normalized frequencies below 0.18. It is also isotropic in all
the in-plane directions.
The designed grating coupler was fabricated with stan-
dard Si processing technology, including 100 keV electron-
beam lithography JEOL JBX-9300FS and fluorine-based
inductively coupled plasma reactive-ion-etching. The SOI
structure used here has a top Si layer thickness of 250 nm.
Some pictures of the fabricated samples are shown in Fig. 2.
The photonic crystal has a lattice constant a of 227 nm i.e.,
the normalized frequency for 1550 nm light is a /=0.146
and air-hole diameter d of 143 nm i.e., d=0.63a. By check-
ing the cleaved cross-section, we confirmed that the Si ma-
terial was fully etched in the holes. The grating coupler is
formed by omitting every second column of holes in the
photonic crystal as shown in Fig. 2b. This gives an effec-
tive periodicity of 3227=681 nm and an effective duty
cycle of 50% for the grating. The grating section has a width
of 10 m and a length of about 15 m consisting of 25
columns of air holes. This dimension matches well with the
mode size of a standard single-mode fiber. Two such grating
couplers were connected by adiabatic tapers and a short sec-
tion of SOI wire waveguide with 450 nm width for transmis-
sion measurement.
The fabricated grating coupler was further modeled rig-
orously by a three-dimensional 3D finite-difference time-
domain FDTD method. The BOX layer is again assumed to
be infinitely thick. The simulated coupling curves are pre-
sented in Fig. 3a, which matches well with those from the
simplified structure discussed in Fig. 1a. Practically, the
thickness of the BOX layer can pose a significant influence
on the coupling efficiency, due to the interference effect from
the downward diffracted light beam.10,11 As shown in Fig.
3b, the peak coupling efficiency can vary from 59% to 24%
with different BOX layer thicknesses. In this letter, two sets
of samples, with 1 or 3 m thick BOX layers, were pre-
pared. They are close to the structures where the maximal or
minimal coupling is obtained. The measured coupling spec-
tra to a fiber mounted at 10° to the vertical direction are
shown in Fig. 3c. The coupling efficiency of a single grat-
ing coupler is extracted from the grating-to-grating transmis-
sion measurement, and by assuming the same coefficient for
the in- and out-coupling. One can find that the peak coupling
wavelength is located around 1550 nm, which is in good
agreement with the simulation result. The peak coupling co-
efficients are 42% and 18% for the two structures, respec-
tively. Both are slightly lower than the simulated coefficients
shown in Fig. 3b, probably due to the nonuniformity of
hole diameters in the photonic crystal. It can be improved by
applying a proximity correction to the electron-beam expo-
sure. The 1 dB coupling bandwidth for the structure of 1 m
thick box layer is 37 nm 3 dB bandwidth: 68 nm, which is
about 70% wider than what has been reported for such a
fully etched grating coupler.12 The back reflection in the SOI
waveguide can be extracted from the FP fringe contrast of
the transmission spectrum, which is only about 0.3 dB at the
peak coupling wavelength, corresponding to a back reflec-
tion of 1.7%. It is also significantly smaller than the previous
demonstrations.10–12 On the other hand, this level of back
reflection is still high as compared to the shallowly etched
grating, and it also becomes more obvious in the longer
wavelength side. This is due to the relatively wide second-
order Bragg reflection peak as shown in Fig. 3a, and it can
be shifted further away from the peak coupling wavelength
by slightly increasing the fiber tilt angle. Figure 3d presents
the measured coupling spectrum to a fiber mounted at 15° to
the vertical direction. In order to keep the peak coupling
wavelength at 1550 nm, the lattice constant a of the photonic
crystal was made to be 234 nm the hole diameter d is the
same, i.e., 143 nm. The coupling efficiency and the band-
width are very similar to those measured for 10° fiber. The
FP fringe contrast decreases to about 0.15 dB, corresponding
to a back reflection of 0.9%, in the whole 3 dB bandwidth. It
is worth to note that this amount of contrast is close to the
power fluctuation of the measurement system. In principle,
the back reflection discussed above is over-estimated.
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FIG. 1. Color online a Coupling efficiency from a simplified model
shown in the inset. Solid line denotes the power coupled to a fiber mounted
at 10° to the vertical direction; dashed line denotes the power diffracted
upwards; dotted line denotes the power reflected back in the SOI waveguide.
b 2D TE-mode band structure of a photonic crystal shown in the bottom
inset, which consists of a triangular lattice of air holes in Si. Top-right inset
shows the equal frequency contour of the first TE band, where the innermost
and outermost contours correspond to the normalized frequencies of 0.03
and 0.18, respectively.
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FIG. 2. a Bird’s-eye view of a fabricated photonic crystal grating coupler.
b Close look of the photonic crystal holes. One column of the omitted
holes is indicated by the dotted circles for reference.
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In conclusion, we have presented a fully etched photonic
crystal based grating coupler, which can efficiently couple
light between a single-mode fiber and an SOI wire wave-
guide. The proposed grating can be fabricated in the same
processing steps as the SOI circuits. Thus, it does not add
any extra fabrication complexity and cost. A peak coupling
efficiency of 42% and a 1 dB bandwidth of 37 nm has been
achieved. The back reflection is as low as 0.9% in the SOI
waveguide. The performance is close to that of a shallowly
etched grating coupler which requires an extra lithography
and etching step. The proposed photonic crystal grating cou-
pler provides a fast and cost-effective approach for testing/
prototyping SOI circuits at wafer level.
1W. Bogaerts, R. Baets, P. Dumon, V. Wiaux, S. Beckx, D. Taillaert, B.
Luysseart, J. Van Campenhout, P. Bienstman, and D. Van Thourhout, J.
Lightwave Technol. 23, 401 2005.
2T. Tsuchizawa, K. Yamada, H. Fukuda, T. Watanabe, J. Takahashi, M.
Takahashi, T. Shoji, E. Tamechika, S. Itabashi, and H. Morita, IEEE J. Sel.
Top. Quantum Electron. 11, 232 2005.
3T. Shoji, T. Tsuchizawa, T. Watanabe, K. Yamada, and H. Morita, Elec-
tron. Lett. 38, 1669 2002.
4M. Pu, L. H. Frandsen, H. Ou, K. Yvind, and J. M. Hvam, 2009 Frontiers
in Optics (FiO) Optical Society of America, Washington, D.C., 2009,
paper FThE1.
5D. Taillaert, F. Van Laere, M. Ayre, W. Bogaerts, D. Van Thourhout, P.
Bienstman, and R. Baets, Jpn. J. Appl. Phys., Part 1 45, 6071 2006.
6L. Vivien, D. Pascal, S. Lardenois, D. MarTis-Morini, E. Cassan, F. Gril-
lot, S. Laval, J. M. Fedeli, and L. El Melhaoui, J. Lightwave Technol. 24,
3810 2006.
7F. Van Laere, G. Roelkens, M. Ayre, J. Schrauwen, D. Taillaert, D. Van
Thourhout, T. F. Krauss, and R. Baets, J. Lightwave Technol. 25, 151
2007.
8J. Schrauwen, F. Van Laere, D. Van Thourhout, and R. Baets, IEEE Pho-
ton. Technol. Lett. 19, 816 2007.
9G. Roelkens, D. Vermeulen, D. Van Thourhout, R. Baets, S. Brision, P.
Lyan, P. Gautier, and J.-M. Fedeli, Appl. Phys. Lett. 92, 131101 2008.
10D. Taillaert, “Grating Couplers as Interface between Optical Fibres and
Nanophotonic Waveguides,” Ph.D. thesis, Ghent University, 2004.
11B. Schmid, A. Petrov, and M. Eich, Opt. Express 17, 11066 2009.
12X. Chen and H. K. Tsang, IEEE Photon. J. 1, 184 2009.
13J. Van Campenhout, L. Liu, P. Rojo-Romeo, D. Van Thourhout, C. Seassal,
P. Regreny, L. Di Cioccio, J.-M. Fedeli, and R. Baets, IEEE Photon. Tech-
nol. Lett. 20, 1345 2008.
14P. Bienstman, CAMFR Online. Available: http://camfr.sourceforge.net.
wavelength (nm)
(c)
(a) (b)
(d)
wavelength (nm) wavelength (nm)
BOX layer thickness (µm)
ef
fic
ie
nc
y
ef
fic
ie
nc
y
ef
fic
ie
nc
y
co
up
lin
g
ef
fic
ie
nc
y
to
10
o
fib
er
1450 1500 1550 1600 1650
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
upward
3-µm thick BOX layer
1-µm
thick BOX
layer
to 10o fiber
reflected
0.5 1 1.5 2 2.5 3 3.5
0.2
0.3
0.4
0.5
0.6
1520 1540 1560 1580 1600 1620
0
0.1
0.2
0.3
0.4
0.5
1480 1500 1520 1540 1560 1580 1600 1620
0
0.1
0.2
0.3
0.4
0.5
FIG. 3. a 3D FDTD simulation of a fabricated structure with a=227 nm and d=149 nm. b Influence of the BOX layer thickness on the coupling
efficiency. The open circles indicate the structures used in the experiments. c Measured coupling spectra for structures of 1 and 3 m thick BOX layers. d
Measured coupling spectrum to a fiber mounted at 15° to the vertical direction 1 m thick BOX layer, a=234 nm, d=143 nm.
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